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ABSTRACT 
An investigation has been conducted in the Unitary Plan Wind Tunnel 
at NASA Langley Research Center to gather experimental data for use in 
analyzing the different experimental wing-body effects and assessing the 
computational accuracy of the Zonal Euler Solver (ZEUS) code. The wind 
tunnel study was initiated to provide pressure and flow visualization data to be 
used in the analysis. The model is a simple, ogive cylinder body/fin 
configuration with three physical sets of interchangeable fins. These fins 
can be mounted in a high, mid, or low monoplanar arrangement, as well as in 
a "v" arrangement. 
The model is equipped with pressure orifices at three constant 
Each station longitudinal stations to match the output format of the ZEUS code. 
has orifices completely around the body and on both upper and lower surfaces 
of the fins. Internally mounted pressure transducers are used to reduce lag- 
time problems in the data acquisition process. The tests were conducted at 
Mach numbers from 1.70 to 2.86 and angles-of-attack from -40 to 240 in 
increments of 4 O .  Vapor screen photographs were taken to observe the effect 
of the different wing-body combinations on the vortex structure. 
The ZEUS code is a supersonic space-marching Euler code with relaxed 
gcomctry rcstrictions coniparcd to carlicr codcs and is uscd to predict the 
aerodynamics of supersonic missile configurations. The relaxed geometry 
restrictions allow solutions for missiles on which the fins do not extend 
radially from the body centerline. The experimental data and the comparison 
between the wind tunnel data and the computational data are examined and 
discussed. 
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CHAPTER I 
INTRODUCTION 
Recent advances in computational fluid dynamics (CFD) have led to the 
development of computer codes which have been specialized to predict the 
aerodynamics of supersonic missile configurations. The Naval Surface 
Weapons Center has developed two such codes, the Supersonic Wing Inlet Tail 
(SWINT) code and the Zonal Euler Solver (ZEUS) code, which solve the Euler 
equations for tactical missile configurations at supersonic speeds. 
SWINT was developed in 1981 and can be used only with missiles having 
fins which extend radially from the body centerline, Le., the plane of the fins 
must lie on the body centerlinc. Yet, many of today's actual missiles have fins 
which do not extend from the body axis. Although the SWINT code provides 
fairly accurate solutions, the code is difficult to run, especially at the low 
supersonic Mach numbers, Expcrience with SWINT over the past seven years 
has shown that the code has two major weaknesses: lack of robustness and 
restrictive geometry (Refs. 1 and 2). 
ZEUS w a s  developed to provide more relaxed geometry restrictions and 
more robustness to overcome the weaknesses of SWINT. ZEUS is capable of 
solving the llowficlds about missiles with fins which can lie either on or off 
thc body axis. Since the ZEUS code has just recently become available, 
experimental vcrification is needed. 
A motivation for the current experimental and computational study 
came from an earlier study which involved comparisons between 
experimental pressure data and SWINT calculations (Ref. 3). In this reference 
a D-shaped body concept, with two low mounted wings and two high mounted 
tails, is introduced. The tail fins extended along radial lines from the body 
center, but the wings did not. Therefore, modifications had to be made in the 
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body geometry before the SWINT program could be run. This initiated the 
realization that a code with less restrictive geometry was needed. 
A wind tunnel study was initiated and conducted to provide 
experimental surface pressurc and flow visualization data in order to assess 
the computational accuracy of these codes. The basic geometry of the model 
used in the study is similar to a previously tested force model (Ref. 4). The 
model was also designed so that the experimental data would be in a form 
which is easily comparable with the computational results. The model is a 
simple, ogive cylinder body with three sets of interchangeable fins. The three 
sets of fins can be used to produce seven different configurations: the high-, 
intermediate high-. mid-, intermediate low-, and the low-wing orientations, as 
well as a "v" arrangement which, when rolled 180°, produces the seventh 
configuration. Thcsc last two configurations are hereafter referred to as the 
bent-wing and the invcrted bent-wing configurations, respectively. Cross 
section sketchcs of thesc configurations are shown in Figure 1. A body-alone 
configuration (i.e., one with no fins mounted on the body) was also tested. All 
eight missile configurations which were tested are shown in Figure 2. The 
model contains approximately 110 pressure orifices, depending on  the 
configuration, which are located at three constant longitudinal stations both 
around the body and on the upper and lower fin surfaces. The tests were 
conducted at Mach numbers from 1.70 to 2.86 at angles-of-attack from -4O to 
240 in incrcmcnts of 4 O .  The mid-wing configuration was rolled +30°, +600, 
+ 9 0 0 ,  +18O0, -30°, -60°, and -9OO.  Flow visualization by the vapor screen 
method was used in this study in order to better analyze the pressure data. 
The theoretical investigation involved obtaining pressure calculations 
from the SWINT and ZEUS codes. The SWINT code was used to predict the 
flowfield for the mid-, bent-, and inverted bent-wing configurations (on-axis 
. 
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configurations). The ZEUS code was used to predict the flowfield for the 
intermediate low-, low-, intermediate high-, and high-wing configurations 
(off-axis configurations). The two codes were run for Mach numbers of 1.70, 
2.16, 2.40, and 2.86 and for angles-of-attack of 00, 8 0 ,  160, and 200. Only the 
ZEUS results are discussed in this report since the off-axis configurations are 
of the main interest for the experimental/theoretical comparisons. 
The next two sections of this text explain the experimental and 
computational proccdures which were applied for this investigation. The 
experimental procedures section gives a description of the model, the 
instrumentation, and the general test techniques used for the wind tunnel test. 
The computational procedures section briefly discusses the two codes, SWINT 
and ZEUS. 
The analysis of the data in this investigation is presented in three 
phases. First, the wind tunnel data are analyzed to investigate the effects of 
wing location on the experimental surface pressure distributions. Second, the 
vapor screen photographs are analyzed and various flow phenomena are 
discussed. Finally, comparisons are made between the pressures from the 
SWINT and ZEUS codes and the experimental data to investigate the 
computational accuracy of the codes. 
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CHAPTER rr 
EXPERIMENTAL TECHNIQUES 
1. Wind Tunnel 
The experimental tests were conducted in the low Mach number test 
section of the Langley Unitary Plan Wind Tunnel (UPWT). The facility 
originated from a Congress-approved plan, the Unitary Wind Tunnel Plan Act 
of 1949. The purpose of this plan was to provide funding for various facilities 
around the country in order to develop advanced airplanes and missiles (Ref. 
5). A historical perspective on this tunnel can be found in Reference 6. 
The tunnel is a variable-pressure, continuous-flow facility with 
axisymmetric sliding-block nozzles leading to one of two test sections which 
have a range of Mach numbers from 1.47 to 4.63. The low speed test section has 
a Mach number variation from 1.47 to 2.90. The test section is 4 ft by 4 ft by 7 
ft and is formed by the downstream section of the nozzle. Figure 3 shows a 
diagram of the facility and Reference 5 provides a more detailed description of 
thc tunnel. Table I gives more details on the tunnel operating parameters for 
this test. 
2. Model 
The model consists of a circular cylindrical fuselage with an ogive nose 
and with 77O dclta wings which can be mounted in various locations on the 
fusclagc. The modcl is 33.8 in. long with a wing span of 9.64 in. and a body 
radius of 1.3 in. A complctc view of the missile dimensions is shown in Figure 
4. This pressurc model was designed to be complimentary to the force and 
moment model tested in Reference 4, and therefore had the same basic 
dimensions as the aforementioned force model. Also, the Mach numbers and 
angles-of-attack were duplicated, as much as possible, from the previously 
tested force model. In  this manner, both pressure and force data would be 
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available for the same geometry and flow conditions. The tail fins which were 
used in the force tests are eliminated from the pressure model since they are 
not needed for the pressure test objectives. Other major differences between 
the force model and the pressure model are the wing locations. The force 
model was designed so that its wings were always in the mid-wing position (as 
defined in Fig. l ) ,  but the wings could be positioned forward and aft of this 
center position. The pressure model was designed so that its wings could be 
mounted both on and off the body axis, but only in the center position. 
The pressure model is made mostly of stainless steel.with the nose and 
some of the minor filler plates constructed from aluminum. The stainless steel 
adaptor and sting are specially designed so the model can be stably mounted 
and supported in the test section. 
As can be seen in Figure 1, the high-, intermediate high-, low-, and 
intermediate low-wing configurations consist of wings which do not extend 
radially to the body centerline, while the mid-, bent-, and inverted bent-wing, 
configurations have wings which do lie on the body axis. The low-, 
intermediate low-, and inverted bent-wing conditions are achieved by a 1800 
roll of the high-, intermediate high-, and bent-wing configurations, 
respectively. Only three different physical wings are used to achieve all 
seven configurations. 
Thc bent-wing configuration contains 106 pressure orifices, the mid-, 
and low-wing configurations contain 114 orif ices ,  the high-wing 
configuration contains 110 orifices, and the body alone contains 72 orifices. 
Note that the rcspectivc roll cases of these configurations will also have the 
same number of orifices. The various plates and wings used for the 
configurations are shown in Figure 5. 
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The large number of pressure orifices and the small radius of the body 
created numerous problems. The pressure transducers, which are discussed in 
greater detail in the following section, were mounted inside the model. The 
plastic tubing connecting the prcssure orifices to the transducers was 
especially susceptible to getting cut or pinched off due mainly to the large 
number of tubes which had to be connected. To help alleviate this problem, 
the tubing was cut as short as possible. The mid-wing configuration was 
especially difficult to assemble because the wing is mounted directly above the 
pressure modules, lcaving little room for the tubing. Even after the tubing 
was shortened. the wing did not fit and pan of the inner base of the fuseIage 
was machined off to add more room. 
The drilled pressure orifices are 0.026 in. diameter and the stainless 
steel tube connections are 0.042 in. diameter. As mentioned before, the model 
has pressure orifices at three longitudinal stations. These stations are situated 
18.2 in., 23.4 in., and 27.56 in. from the tip of the nose (Fig. 4). These locations 
are referred to as either forward, middle, and aft, or stations 1, 2, 3 ,  
respcctively. The orifice stations are located at approximately 50%, 75%, and 
95% of the maximum hypothetical wing root chord that is obtained by 
extending thc delta wing leading and trailing edges to the body centerline 
(Fig. 6). Only thc maximum hypothctical roo[ chord is shown in this previous 
figure becausc the root chord changes from configuration to configuration. 
The body pressurc orifices are spaced every 1 5 O  around the model, and are 
normal to and flush with the surfacc of the model. 
The orifices on the wing are flush with the wing surface and are 
aligned in such a manner that they lie along constant rays going from the 
forward to the aft position. These orifice locations and the slope of the rays 
are given in Table 11 and illustrated in Figure 7. With the model at Oo roll and 
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looking downstream, pressure orifices arc located on the upper surface of the 
right wing and the lower surface of the left wing. This placement of the 
orificcs allows for full  covcragc 0 1  both thc windward and lccward sidc 
pressures on the wings. 
The wing is beveled so that the leading edge wedge angle is loo,  as 
shown in the diagram below. The bevel is on the side of the wing opposite to 
the pressure orifices. The wing is flat on the side with the orifices in order to 
simulate a thin wing. The purpose of the bevel is to create a sharp leading 
edge, to provide strength to the structure, and also to add some thickness to 
allow room for the pressure tubing. Plastic tubing, 0.040 in. diameter, 
connects the prcssure transducers to the metal tube connectors on the model. 
Pressure Orifices 
Leading Edge Wedge Angle (1 0 degrees) 
3. Ins t rumen ta t ion  
P r e s s u r e  T r a n s d u c e r s  
Three 48-port clectronically scanned pressure (ESP) modules were 
internally mountcd and wcrc used LO obtain the pressurc readings. Normally, 
the pressure gages arc located outsidc the test section, but the internally 
mountcd gages were used hcrc to reduce the lag Lime. The slimline version of 
the transducer was used for this test because of the crucial need for more 
space, especially for the plastic tubing. The dimensions for this rectangularly 
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shaped scanner are 2.70 in. long, 1.15 in. wide, and with a height of 1.20 in. 
The height of the regular scanner is 1.45 in., whereas the other dimensions 
are the same as the slimline scanner. The 
operating temperature range is from Oo F to 1 7 5 O  F. Since the tunnel 
temperature was held at 1 2 5 O  F for the entire wind tunnel pressure 
The pressure range is *5.00 psid. 
experiment, the transducers were always well within their operating range. 
The static error band for the module is +0.15% FS, where FS is the full-scale 
value of the gage. 
f0.008 psi. 
Thus, since a k5  psid gage is used, the static error band is 
To acquire the data, the voltage is electronically scanned and the 
pressure is calculated by the following equation: 
p = co + CIV + c 2 v 2  
w h e r e  C o  = zero coefficient 
C 1 = sensitivity coefficient 
C 2  = nonlinearity coefficient 
V = gage output voltage for a certain channel 
The accuracy of these pressure modules is maintained through periodic 
on-line calibrations. Calibrations consist of pneumatically switching the 
sensor calibratc head into the calibrate position and then applying three or 
more calibratc pressurcs while measuring the electrical response of each 
transducer within the sensor module. 
The frcqucncy of calibration depends on ambient temperature changes 
and electrical drift of the transduccrs. For this test, calibrations were made for 
every run, where each run consisted of a particular configuration at one 
Mach number and the range of angles-of-attack from -4O to 2 4 O .  
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Angle-of-Attack Sensor 
A Qflex acceleromctcr was used to measure the angle-of-attack for the 
model. The angle-of-attack sensor has a cylindrical shape with a base 
diameter of 1.188 in. and a length of 1.625 in. The sensor consists of a 9 pin 
connector with a 5 in. long cable (Fig. 8). The angle-of-attack system was 
mounted on an aluminum plate and placed in the nose of the model. 
The Qflcx accelerometer is based on a mass deflection system where the 
mass is deflected a certain amount dependent on the angle-of-attack. The 
sensor responds almost instantaneously (within milliseconds) to a change in 
thc angle-of-attack. 
The accuracy of the system under reasonable tunnel conditions is 
within a few hundredths of a degree. Two major causes of error are sting whip 
and tunnel vibration. Whenever sting whip occurs, the inertial effects are 
sensed by the accelerometer and faulty readings can occur. The occurrence of 
tunnel vibration is hard to predict because it  is an intermittent problem and 
varies in  severity from one tunnel to another. When the tunnel vibrates at 
certain frequencies, a DC offset occurs in the accelerometer which in turn 
causes the accelerometer to give false readings. Neither of the two problems 
are residual; in other words, once normal flow conditions are achieved or once 
the vibrational frequency changes, the accelerometer should give the correct 
reading again. Tunncl vibration was never a problem during this test. 
Furthermore, the UPWT docs not have a history of tunnel vibration. The sting 
whip problem occurred a few times when the tunnel unstarted (i.e., the flow 
changed from supersonic to subsonic), but the angle-of-attack was never read 
until normal flow conditions were achieved. 
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4. Test Procedures 
The angle-of-attack sensor and the pressure transducers were installed 
inside the fuselage. An clcctric circuit board connecting the ESP gages and 
the acceleronieter to the data acquisition system was inserted in the model with 
cables running through the sting and out the test section. This is how the data 
were electronically transmitted from the pressure transducers to the computer 
and finally, to the terminal screens in the data acquisition room. 
Once the pressure tubing was connected from the transducer to the 
model, a leak check was performed. This consisted of applying a vacuum to 
each orifice to determine if the tubing was pinched off or leaking. If the 
orifice was able to maintain a vacuum for several seconds, the orifice was 
considered to be a good one. If the orifice did not read a vacuum, i t  was 
considered to be plugged; and if the orifice went to vacuum but then increased 
at rates greater than about 2-3 psfhecond, the orifice was leaking and was 
considered to be unusable. After a satisfactory leak check was obtained (i.e., if 
no more than 5% of thc orifices were plugged and/or leaking), the model 
sections were bolted together. 
Transition strips were used in order to trip the boundary layer from 
laminar to turbulent flow. These transition strips consisted of No. 50 sand 
grains (0.0128 in , )  sprinkled in acrylic plastic. These strips were 0.062 in. wide 
and were located 1.20 in. aft of the nose and 0.40 in. aft of the leading edges 
measured streamwisc on both sides of the wing surfaces. The location and size 
of the grit was determined from References 4 and 7. For more details on 
boundary layer transition, Refercnces 8-10 are available. 
After thc transition strip was applied, the ESP gages were calibrated. 
Threc pressure ports on cach of the 48-port modules were chosen to measure 
three known pressures which were measurcd using precision mercury 
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manometers and recorded for every data point. Thus, the gages could be 
checked on every data scan. Vacuum pumps are used to pull the reference side 
of the ESP's down to a hard vacuum (<2 psfa). In this manner, the diffcrential 
pressure transducers can be operated as absolute pressure gages since the 
reference pressure has been set at zero. After this low reference pressure is 
set, the ESP modules are calibrated. 
Beforc each run, the tunnel pressure was set for at least two low 
pressures (Le., 700 psfa and 300 psfa) and a data point was recorded in order to 
allow a check for every port. With the wind on, the three known ports were 
checked to verify that the transducers were working properly. 
For the angle-of-attack sensor, angles are set at -1S0, -loo, - S o ,  Oo, S o ,  
l oo ,  1 5 O ,  20°, 2 5 O .  and 30° using a large inclinometer, and then raw microvolt 
readings are made. The sensitivity, bias, and zero values are calculated using a 
least-square curve fit and these values are used to solve for the angle-of-attack 
which is dcnoted by Angle in the following equation: 
Angle(deg) = Arcsin((Reading(pv) - Bias(pv))/Sens.(pv/g)) - Zero(deg) (2) 
w h e r e  deg = degree 
pv = microvolt 
g = acceleration due to gravity 
Reading = thc valuc read by the accelerometer 
The heart of the data acquisition system is the MODCOMP 32/85 central 
proccssing unit (CPU). This unit has 2 megabytes (MB) of memory and 256 MB 
of disk storage. When intcrnally mounted ESP gages are used, the system is 
capable of making 10 samples/sccond. The system can display up to four 48- 
port ESP modules (192 raw microvolts (pv) or 192 psfa) and refresh the 
prcssure valucs about every second. The data are scanned and displayed 
continuously both as microvolts and also in engineering units. The system 
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computes the pressures (psfa) from raw counts. The data are stored on 
magnetic tape and also on disk. Both the microvolt and the engineering unit 
data are listed on a 1200 linc-per-minute printer for every point taken, where 
a point consists of one configuration at a specific Mach number and a specific 
angle-of-attack. Thc free-stream quantities (Mach number, static pressure, 
dynamic pressure, stagnation temperature, and Reynolds number/ft) are 
computed and the coefficient of pressure, Cp, is found, where: 
c p  = (P - P- )I q- (3) 
w h e r e  p = pressure reading at each port 
p = free-stream static pressure 
qm = free-stream dynamic pressure 
Thc angle-of-attack is computed also and all of these values are listed and 
stored on magnetic tape. 
After running through the range of Mach numbers and angles-of- 
attack, a configuration change was made while leaving the model in the test 
section. Thus, the fuselage did not have to be remounted on the sting for every 
change. The test procedures were then repeated. 
Based upon calibrations and repeatability of data, an estimation of the 
accuracy of the various measured quantities within the following limits is  
givcn below: 
u. to within *O.10 deg 
M to within +0.015 
Also, based on repeatability of data and taking into account the accuracy of the 
quantities above, the estimated accuracy for the f5 psia ESP gages is 2-3 psfa. 
Table 111 shows the range of accuracy for the coefficients of pressure at the 
different Mach numbers. 
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5. Flow Visualization by the Vapor Screen Method 
Flow visualization data were obtained by a vapor screen method as 
described in Reference 11. The vapor screen photographs were used to 
acquire information about the flowfield mainly on the leeside of the wing. 
The basic principles involved in the vapor screen techniques are as follows. 
Initially, water is injected into the tunnel flow. This water condenses and 
possibly develops ice crystals to form a uniform fog. The fog is then 
illuminated by a narrow band of light which is projected perpendicular to the 
free-stream flow. The presence of the model changes the distribution of the 
uniform fog, and thus, the light scattering pattern is altered. As a result of a 
combination of centrifugal forces, thermodynamic effects, and density 
variations, a pattern of flow characteristics such as shocks and vortices can be 
observed. Regions where thc ice particles have either melted or been cast 
aside will be dark on the vapor screen photograph. 
In order to obtain the intense beam of light of narrow width (about a 
quarter of an inch) necessary for good vapor screens, two 1.000-W mercury 
vapor lamps wcrc used. Also, a 1.5 in. diameter parallax lens and a knife edge 
were used to help achieve the proper width and intensity of the light. 
A remote controlled 70 mm camera with automatic advance and an 80 
mm lens was mounted insidc the test scction above and behind the model. This 
allowed for a view of the flow pattern in a plane normal to the free-stream 
flow. The camera could have been mounted outside the test section for a view 
of the overall flowfield, but the inside-mounted camera was chosen to obtain 
more accurate measurements of the vortices and shocks. The camera contains 
enough film for about 70 photographs. A schematic drawing of the vapor 
screen set-up is shown in Figure 9 and a vapor screen photograph is shown in 
Figure 10. 
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The vapor screen tests were conducted in a similar manner as the other 
wind tunnel tests previously discussed, except that water was added 
downstream of thc test section to produce the vapor. The vapor screen tests 
are performed separately from thc pressure tests because the condensation 
effects tend to rcduce the stagnation pressure by about 5%. increase the static 
pressure by 496, and reduce the Mach number by about 0.05. These changes in 
free-stream conditions affect the pressure data, but should not affect the 
interpretation of the vapor screen photographs. The location of the water 
injection system is shown in Figure 3. All of the instrumentation inside the 
model was removed, except for the angle-of-attack sensor. This was done since 
the pressure tests had been completed and the instrumentation was no longer 
needed. Also, removing the instrumentation prevented unnecessary exposure 
to moisture. The model was painted with a flat black acrylic paint in order to 
reduce the glare from the model, and white dots were painted on the three 
longitudinal stations where the pressurc orifices werc locatcd to provide a 
reference point for alignment. Grit was added in the same manner as 
discussed before in order to insure transition from a laminar to a turbulent 
boundary layer. These tests were conducted at Mach numbers of 1.70, 2.16, 
2.40, and 2.86 and angles-of-attack of 1 2 O  and 20° for each of the seven 
configurations, plus thc body-alone configuration (i.e., the body with no fins). 
Thc mid-wing configuration was also rolled -60°,  -30°, +30°, and +60° and 
tested at the Mach numbers and angles-of-attack listed above. Photographs 
were taken at the three longitudinal stations where the pressure orifices were 
located, except for the body-alone configuration in which data were taken 
only at the forward and aft stations. 
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Chapter 111 
COMPUTATIONAL PROCEDURES 
The computational data was acquired through the use of two different 
Euler codes, the Supersonic Wing Inlet Tail (SWINT) code and the Zonal Euler 
Solver (ZEUS) code. One of the purposes of this thesis project was to obtain 
experimental data to investigate the validity of the ZEUS code using 
configurations with off-axis fins. For this missile study, the SWINT code was 
run using the gcomctry for the configurations with fins which were on the 
body axis (i.e., the mid-, bent-, and inverted bent-wing configurations). Since 
calculations from the SWINT and ZEUS codes on missile geometries with the 
more traditional on-axis fins already exists (Refs. 2, 3, and 12), only the 
calculations from the ZEUS code using the off-axis missile geometries are 
presented in this paper. Thus, the reasons for even using the SWINT code in 
this paper were to obtain data for the on-axis fins, to explain briefly some of 
the differences between SWINT and the newer ZEUS code, and to see how these 
diffcrcnces affect the geometry restrictions and robustness of ZEUS. 
As mentioned previously, the geometry restrictions inherent in the 
SWINT code do not allow the code to test missile cases whose fins do not lie on 
the body axis. Also, experimental data with off-axis fins for the purpose of 
codc validation did not exist. With the wind tunnel data from the expcrimental 
investigation of this projcct and thc calculations gencratcd by ZEUS, a means 
of comparison between experimental and theoretical prcssure data for off-axis 
fins now exists. The next few sections of this chapter briefly describe the 
SWINT and ZEUS codes and explain how they were applied in this investigation. 
1. The SWINT Code 
Thc SWINT code was dcveloped to calculate the aerodynamics of tactical 
missile configurations at supersonic speeds. Most of the following discussion 
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is taken from Reference 13. SWINT is a space-marching Euler code which uses 
the body and bow shock as boundaries. The flow quantities in the region 
between the body and the shock are solved using the Euler cquations written 
in non-conscrvation form as follows: 
where: 
SG 6F 6G - - + - + - = E  - 
65 6s 6u 
1 2 
1 2 
CJ = r (pw,p+pw ,puw,pvw) 
F = r (pu,puw,p+pu ,puv) 
G = (pv,pvw,pvu,p + p v s  
2 N E = 1 (O,O,P+PV ,-PUV) 
cylindrical coordinates i 
Also, the energy equation for steady, inviscid flow is given by: 
1 2  3 1 2  2 2 
h + + u  + v U + w 3 = h , + - ( u  + v  + w  00 ) = c o n s t . = H o  - 2 . .  00 
(4) 
Thcse cquations arc transformed from physical coordinates (s,u ,T) to 
computational coorciiiiatcs (X,  Y ,  Z). SWINT uses a single conformal 
transformation to map the crossflow plane onto the computational domain 
(Fig. 11). The body and the fin geometries are treated separately so the need 
for complicated transformations is eliminated. The cylindrical coordinate 
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system is shown in Figure 12. After the transformations, the Euler equations 
arc then solved and advanced by integrating the MacCormack predictor- 
corrector scheme which is shown below: 
The MacCormack scheme uses finite-differencing to  solve for the flow 
quantities and generate the grid. The shock location is found by solving the 
Rankine-Hugoniot equations. 
The code has various restrictions placed on the configuration 
gcomctrics (Ref. 13). Thcsc include: 
1 .  The body alone must bc single-valued in 8. 
2. Fins must be fairly thin and lie on constant 8 
planes. (This rcquirement forces the fins to lie 
radially on the body centerline.) 
3. Only fins with sharp edges can be used, and the 
fin location must be either single or double 
valued in z. 
4. The fins cannot extend through the bow shock. 
Another limitation of thc  codc is that the flowfield must remain supersonic 
throughout thc cntirc calculation. 
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The user must supply a description of the geometry and an initial 
flowfield near the missile's nose tip. For each configuration, a calculation was 
attcmpted for Mach numbers of 1.70, 2.16, 2.40 and 2.86 and at angles-of-attack 
of 00, 80,  16O, and 20°. Marching codes, such as SWINT and ZEUS, must have an 
initial flow field prescribed to begin marching in space. A separate starting 
flowfield was included in the SWINT user manual (Ref. 13), but was not part of 
the SWINT code itself. This procedure made conical flow approximations at 
some initial z location near the nose tip. The inputs needed for the starting 
case include: the nunibcr of mesh points in the radial direction, the number 
of mesh points in the circumferential direction, the Mach number, the angle- 
of-attack. and the maximum circumferential distance around the body. Other 
variable quantities (ZS, ZC, B ( 1 ) )  which must be specified by the user are 
illustrated below: 
--...... -. I..- .. -.. --. 
-.. .. --. -. 
The output from the starting case can then be used as the initial 
flowfield to calculate the rest of the body using the SWINT code. Some of the 
important inputs which the user must specify include: z location where a run 
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terminates. CFL safety factor, new number of radial mesh points, ncw number 
of circumferential mesh points, number of fins, location of fin planes (in 
degrees) and the storage for differencing options for points adjacent to the 
wing tips. 
The SWINT calculations were carried out in several stages after the 
starting solution was obtained. The first stage was fairly simple and merely 
involved ending the calculation just upstream of the fin. The other stages of 
the calculation varied in difficulty depending on the Mach number and the 
angle-of-attack of the run. These other stages covered the body downstream of 
the end of the first stage and the fin surfaces. For the first stage, the inputs in 
the previous paragraph were specified. These inputs remained the same for 
every run, where runs were made for all of the angles-of-attack and the Mach 
numbers. Thc following stages were more complex because the fins had to be 
taken into account. The appropriate fin geometry (either mid-, bent-, or 
inverted bent-wing geometry) was inserted in the code and initially the inputs 
werc changcd so the run was made to the end of the body. The angular 
location of the fins around the body was determined and specified for the mid-, 
bent-, or inverted bent-wing configurations, respectively. This angular fin 
location did not need to be specified in the first stage because there were no 
fins located in  the rcgion bcing calculated. I f  the code was unable to run to 
the end of thc body, the number of radial mesh points was reduced and 
anothcr run was attempted. The step size and the storage inputs were also 
varied. Often the code would march several inches down the body and then 
tcrminatc. When this premature termination occurred, the flowfield plane 
just before termination would be saved. Then the inputs were systematically 
varied and anothcr run was attempted. This procedure was repeated until the 
end of the missile body was reached. 
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The SWINT code had difficulty for configurations at the lower Mach 
numbcrs (1.70 and 2.16) at thc higher angles-of-attack (16O and 20°). The code 
was encountcring subsonic flow usually at the leading or trailing edges of the 
fins. The codc uscs spccial proccdurcs (Ref. 14) at the fin edges which may 
inducc artifici21 viscosity. From these SWINT runs, the limitations in  the 
robustness of the code were readily experienced. Reference 13 gives more 
information on thc procedure for running the code, and Reference 14 
describes in grcatcr detail the numerical techniques used in the code. 
2. The ZEUS Code 
Thc ZEUS codc, like the SWINT code, is used to calculate the flowfield 
about tactical n~iss i le  configurations at supersonic speeds. The discussion used 
here is taken primarily from Reference 15. The solutions are found by using 
the Godunov schcmc to intcgratc the Eulcr equations given on page 16. The 
Godunov mcthod is a finite volume scheme which is based on thc Riemann 
problcm for steady, supersonic flow. Before the Godunov scheme is applied, 
the codc takcs the physical crossflow plane (s, u, 7) and maps it onto a 
computational plane ( E ,  q, 6 )  as shown in Figure 13. 
The Ricniann problem is represented by the intersection of two, two- 
dimensional supcrsonic strcams as shown in Figure 14. When the streams 
intcrscct, thcy arc both turncd in a conimon direction through shock waves or 
cxpansion fans. Thc appropriatc direction is thc onc which produces the same 
prcssurc in hotti streams. Thc Ricniann problem is solved iteratively. The 
Godunov schcnic evaluates fluxes using computed properties on the edges of 
control volumcs shown in Figure 15. Some of the required computed 
properties are from the Riemann problem, while other required properties 
conic from tlic initial conditions, the oblique shock relations, or the isentropic 
relations, depending on thc rcgion being solved (Rcf. 12). 
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The ZEUS code uses a multiple zone procedure to generate the 
computational grid. This procedure involves dividing the crossflow plane into 
sevcral zones. The zone edges must lie along the body, wing, and shock 
surfaces. For this computational investigation, the zones were defined for 
only half of the body. Symmetry was assumed for the other half of the body. 
Thcsc symmetry assumptions were made in order to save tinie during the runs 
and also to save storagc space. An example of the one- and two-zone procedure 
uscd for this investigation's ZEUS runs is shown in  Figure 16. This figure 
shows some of thc rcstrictions which are required by the code, such as: 
1. The body must define Edge 1, the shock must define 
Edge 3, and the wing surfaces (if any are present) must 
define Edge 2 or Edge 4. 
2. Edge 2 and 4 must abut each other for adjacent zones. 
3. The cdgcs arc numbered counterclockwise beginning 
with Edge 1. 
As with the SWINT code, the ZEUS code requires that the flow be supersonic 
throughout the entire calculation. 
The ZEUS code also requires a separate starting procedure to generate a 
starting flowficld. Thc starting procedure used was the one which came with 
thc ZEUS code (Ref. 15). The starting case used the following inputs: number 
of radial cclls, numbcr of circumferential cells, angle-of-attack, Mach 
numbcr, z location whcrc thc computation is initiated, body radius at the 
init ial  z location, arid the body slopc a1 lhc initial z location. Thesc inputs are 
similar to thc SWINT starting case inputs. 
This starting case providcs an estimate of a conical flowfield, which is 
only cxact for a circular cone at zero incidence. This starting case was run not 
only for an angle of attack of Oo,  but also for angles-of-attack of 8 O ,  16O, and 
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200 so an inexact, but very good approximation was obtained for the starting 
plane at the latter angles. 
The outpul flowfield planc from the starting case is then used in the 
ZEUS code. ZEUS requires only the following user inputs: z location at which 
the run is terminated and the maximum step number. Additional inputs which 
Specified instructions rcgarding plotting and printing were also specified. A 
one-zone technique (Fig. 16a) was used to march down the body to a z location 
just upstream of the fin. A two-zone procedure (Fig. 16b) was needed to 
calculate the flowfield over the fin region to the end of the body. 
The grid size used for the one-zone procedure was 18 x 36, where the 
first number specifies the number of radial grid cells and the second number 
specifies the number of circumferential grid cells. For two-zone cases, the 
grid size for each zone was 18 x18.  These grid sizes were determined based on 
previous ZEUS runs for similar configurations and on the sample cases from 
the ZEUS manual. For both zone cases, the cells were equally spaced from the 
body to the shock sincc no ccll clustering was used. A few sample cases were 
obtaincd using grid sizes of 11 x 22 and 25 x 50 with no clustering used in 
either case. The 11 x 22 grid was not refined enough and yielded poor results. 
The 25 x 50 grid gave more accurate calculations than the 18 x 36 grid, but the 
r u n  lime was about nine tinics slower (4500 CPU seconds) for the larger grid. 
Better results from the ZEUS code may be possible by changing the grid size 
and/or by clustering thc cells. 
The ZEUS code was run for angles-of-attack of Oo,  go, 16O,  and 200 and 
for Mach numbers of 1.70, 2.16, 2.40, and 2.86. Since the code was 
cncountcring subsonic flow in certain cases, not all of the calculations were 
obtaincd for the entire body. Table 1V lists the configurations, Mach numbers. 
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and angles-of-attack for which ZEUS was able to obtain calculations for the 
entire body. 
Computed velocity crossflow plots were generated from ZEUS crossflow 
planes. Basically, the computcr program which was used to obtain these plots 
USCS the computed flow field information at a specified longitudinal location. 
The vectors arc plotted so that the velocity magnitude is directly proportional 
to thc lcngth of the plottcd arrow. Thc original intent of using this program 
was to comparc the crossflow plots to the vapor scrcens. Yet, the reproduction 
of regions of vorticity is beyond the scope of an Euler code, such as ZEUS. 
Thus, since the vorticcs arc one of the main features on the vapor screens, a 
comparison of these vapor screens with the ZEUS-generated velocity vectors 
would tend to be somewhat unqualitative. Euler codes should bc able to show 
rotational vclocities, on the lccside leading edge of a wing, due to the 
discontinuity of the wing. Thcsc computed velocities could represent a vortex 
although thesc vclocities are not turning due to vorticity, but rather due to the 
discontinuity mcntioncd prcviously . For the grid size and other conditions 
spccified in this theoretical study, the ZEUS code did not show any rotational 
velocity vectors on the lccside surface of the wing leading edge. 
An cxaiuplc of  a crossflow plot is shown in Figure 17. Thc wing region 
of thc plot is magnified i n  Figurc 17b to better illustrate the velocity in this 
region. Thc plot corrcctly shows thc flow velocity increasing towards the 
leading edge of the wing on the windward side. On the leeward side, the flow 
docs not rotate at the leading edge, as was mcntioned previously. The flow just 
abovc the wing and close to the body appcars to have a low velocity. The flow 
sccms to turn a little towards the top of the model. Overall, not many 
conclusions can be drawn from these crossflow plots which is why this topic is 
not pursued f u  r t hc r . 
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Because of its zonal structure, the ZEUS code was able to handle the off- 
axis fin configurations and was found to be considerably morc robust than the 
SWINT codc. Thc multiplc zonc proccdurcs employed in ZEUS madc the 
gcomctry rcstrictions lcss stringent. Thc Godunov scheme is inherently more 
robust than ihc MacCorniack schcme. This added robustncss in the Godunov 
scheme is partially a result of the fact that the scheme is cast in a finite 
volume, rather than a finite diffcrcnce, sctting. Also, the ZEUS code does not 
need to apply special procedures at thc surface edges. 
The ZEUS codc appeared to be the more robust code because it could be 
run from just upstream of the fin to the base of the body in a single stage for 
evcry successful run. On the other hand, the SWINT code often had to be run 
in multiple stages with trial and crror input changes to reach the base of the 
body. For some of thc lowcr Mach numbcrs and higher angle-of-attack cases, 
ncithcr SWINT nor ZEUS could be run completely over the entire 
configuration without encountering subsonic flow. The only inputs which 
could be changcd on ZEUS to attempt to get coniplete solutions were the mesh 
s i x  and the marching stcp size. Changing these two variables, however, did 
not allow the marching to continue, and the ZEUS code was still not able to 
obtain a complete solution for these cascs. 
Ncvcrtheless, ZEUS seemed morc robust than SWINT because the ZEUS 
codc eithcr ran thc cntire length of thc body with the given inputs or it did 
not. On thc othcr hand, SWINT would sometimes obtain a complete solution 
with thc initial givcn inputs, but often the input variables had to be changed 
to continue thc calculation and, in somc cases, a complete solution could not be 
obtained with any combination of inputs. Rcferenccs 1 and 2 contain more 
&tails on the robustncss and other comparisons between ZEUS and SWINT. 
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Again, thcsc codcs wcrc nicrely utilized as a means of obtaining the theoretical 
computations to ~ S S C S S  thcir accuracy in predicting the expcrimcntal results. 
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CHAPTER IV 
DISCUSSION OF RESULTS 
The rcsults prcscntcd in this report consist of pressure measurements, 
vapor screen photographs, and computational pressure prcdictions. These 
results will bc presented in three parts: the experimental trends, the vapor 
screens, and comparisons between the theoretical calculations and the 
experimental data, 
Prior to discussing the data results, however, a review of flowfield 
information for the  basic components that make up  the present 
configurations will be given. 
1. Background Flowfield Information 
The model used in this study consists essentially of two simple 
components :  
1.  a cylindrical body with a tangent ogive nose 
2. a flat, highly swept delta wing 
The flowfields of similar components have been analyzed in many previous 
studies, including References 16-18. A basic knowledge of the wing alone and 
body alonc configurations provides a background for understanding the more 
complex f low fields of the wing/body configurations tested in  th i s  
investigation. Thc next fcw paragraphs provide some basic flowfield 
information on body alone and wing alone configurations. 
The crossflow planc of the body alonc at angle of attack in supersonic 
flow is similar to Figure 18. The crossflow is symmetrical about the vertical 
plane of symmetry for the angles-of-attack (a 's)  of interest (-40 to 240) and 
remains attachcd on thc windward side of the body. As the flow travels around 
the body to the Iccward side i t  expands and separates to form primary vortices. 
Because of the vortices, part of the flow is induced in a downward direction 
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towards thc body lccward surface. This flow may reattach on the lcesidc 
surfacc and may scparatc to form sccondary vortices which rotate in the 
oppositc dircction as thc primary vortices. 
Generally, flow ovcr delta wings is divided into windward side and 
leeward sidc flow. A basic trend for delta wings at supersonic speeds includcs 
the formation of vortices on the leeward side resulting from high pressures on 
the wind sidc and low pressures on the lceside which is also similar to the body 
alone trends. Windward side flow is usually attached and orderly for wing 
alone configurations; whereas, leeward side flow is very complex and has been 
the focus of much study. 
For a delta wing with highly swept subsonic leading edges in supersonic 
flow, the lecsidc flow will separate resulting in a classical leading edge vortex 
(Ref. 16). An cxamplc of a classical leading edge vortex for wing alone is 
shown in Figure 19. This vortcx is formed when the high pressure flow on the 
lower surface of thc wing expands around to the upper surface of the wing. As 
thc flow expands and scparatcs at the leading edges, a primary vortex is 
formed. Thc primary vortex is highly rotational and can induce surface 
velocities which, in turn, can decrease the wing pressure distribution. This 
decrcase in pressure rcsults in an increase in lift, known as vortex lift. 
Furthermore, thc primary vortex induces flow which may reattach to the wing 
surracc at sonic point. The flow is streamwise inboard of this point and 
outward spanwisc outboard of the point. The outward spanwise flow often 
separates into anothcr vortcx, known as thc sccondary vortex. The secondary 
vortcx rotates in the oppositc direction as the primary vortex and results in a 
furthcr changc in thc pressure distribution. The classical vortex flow is only 
one of several types of flow which may occur in lecsidc flow at supersonic 
speeds, but this classical vortex flow gives a good representation of the 
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behavior of the flowfield. According to Reference 16, the delta wings for the 
Mach numbers and and CY'S used in this experiment should demonstrate 
classical vortcx Ilow i I  ~cstcd as wing alonc. 
2. Experimental Pressure Trends 
Normally, for wing alone and body alone data, wing pressures are 
plotted as a function of the spanwise coordinate, whereas body pressures are 
plotted as a function of circumferential angle. Thus, to conform to this style, 
the data are plotted in either one of two ways: Cp vs. 8 or Cp vs. Y/S where 
Cp - coefficient of pressure 
0 - circumferential angle around the body (in degrees) 
Y - spanwise location on the wing (in inches) 
S - wing semispan at the trailing edge (4.82 inches) 
8 and Y are defined as shown in the diagram below: 
8=0 
Thus, the Cp vs. 0 graphs provide information about the pressures around the 
body including thc effect of the wing and the Cp vs. Y/S graphs provide 
information about the wing pressures including the effect of the body. As a 
consequence of the data,  the windward side pressures are generally 
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represented by positive coefficients of pressure and the leeward side pressures 
are generally reprcscnted by negative coefficients of pressure. 
One of the more important objectives of this experimental investigation 
was to observe how thc different wing locations affected the pressure 
distributions both around the body and on the wings. The body alone 
configuration servcs as an appropriate case to discuss initially since the 
prcssure distribution with no wing cffccts can bc shown. The experimental 
trcnds for each configuration will be discussed in the following order: body 
alone, bent-wing, inverted bent-wing, intermediate low-wing, low-wing, mid- 
wing, intermediate high-wing, and high-wing. This order was chosen so as to 
group the configurations with similar flow patterns together. For each 
configuration, except for body alone, first the body pressures and then the 
wing pressures will be discussed. For the body pressures, only 8 = O0-18OO are 
discussed since through thc rangc of angles-of-attack from -4O-24O the flow 
remains symmetric. Thc low Mach number (M = 1.70) and, usually, the high 
Mach numbcr ( M  = 2.86) arc shown in the analysis to provide the extreme 
range of Mach numbcrs. 
Body Alone Configurat ion 
Thc prcssure distribution, for the body alone at station 1 and Mach 
nunibcr (M) = 1.70 as shown in Figurc 20a. is somewhat irregular, especially on 
the Iceside, mainly as a result of vortex interaction as observed in the vapor 
scrccn photographs. The pressurc coefficient on the windward side is 
essentially zero for the low a ' s  (-4O. O o ,  and 4O) and is positive for the higher 
a 's .  Also, for the higher a ' s ,  the pressure steadily decreases from the 
windward stagnation linc (e = O o )  to negative values with increasing 8 until 
separation occurs at about 0 = 7 5 O .  After separation occurs, formation of the 
leeside vortices discussed previously can result in very complex pressure 
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distributions. After separation for M = 1.70, the pressure increases and then 
remains constant. For the othcr Mach numbers, the pressure remains 
csscntially constant at thc scparation prcssurc. 
Ncar thc top of the model (€9 = 1800), the vortices are close to and 
possibly impinging on thc surface, which causes a slight increase in the 
pressurc. This incrcasc in prcssurc at thc top of the model due to the vortices 
will  be referred to as thc vortex impingement effect. This effect can be 
substantiated by observing vapor screen photographs. Even though the 
vortices themselves may not be lying on the surface of the model, the vortices 
induce the flow in a vertically downward direction at the top of the model. 
Thus, this induced flow niay bc causing the pressure increase. This 
irnpirigement sccms to have the largest effect at a = 12O-160. For a greater 
than 120, thc vortices appear to be lifting off the body surface and the 
prcssurc increase is not as large. Stations 2 and 3 do not demonstrate the 
impingement cffcct (Figs. 20b-c), probably because the vortices at these 
downstream stations have liftcd off the model surface throughout the range of 
a ,  but otherwise thcse two stations have the same approximate pressure 
patterns as those shown at station 1. For stations 2 and 3 at a = 240, the flow 
appears to be asymrnctric. Cp vs. 0 plots for the three stations at M = 2.86 are 
also shown i n  Figures 20d-f. In observing all the Mach numbers, the 
pressures behavc in much thc same way as the M = 1.70 case, but the pressures 
increase with increasing Mach number on both the wind and leeside. All of 
this cxpcrimcnul body alonc data is consistent with the body alone flowfield 
information discusscd prcviously. 
Ben t -W i n g  C o n f i g u r a t i o n  
B o d v .  - The bent-wing body pressures at station 1 and the lower a's are 
similar to the body alonc prcssures. For examplc, at M = 1.70 , the pressure 
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coefficients for station 1 (Fig. 21a) are approximately zero around the entire 
body for the lower angles of attack. As with the body alone for higher a ' s  the 
pressure decreases monotonically and becomes negative around the body until 
separation occurs at approximately 8 = 750. The pressure increases slightly 
after separation occurs until  the fin is encountered at Q = 1 3 5 O .  The pressure 
coefficients on the lccsidc of the body are negative and increase slightly 
where the vorticcs impinge on the body. The pressures at station 2 behave in 
a similar manner (Fig. 21b), but separation occurs at about 6 = 60°. At station 2, 
increased wing interference effects resulting from the increase in the local 
span cause the flow to separate at smaller values of 8. Also, since the pressures 
on the leeward surface between the fins at this station remain approximately 
constant, vortex impingement in this region is insignificant as in the results 
noted at this station for the body alone configuration (Fig. 20b). 
At station 3, the wing interference effects are the greatest. As before 
for the higher a ' s ,  maximum pressures are measured at the windward 
stagnation linc (0 = 00) and decrease until separation occurs at approximately 
8 = 600 (Fig. 21c). Unlike the other two stations, the pressure does not decrease 
to a negative value in the region of separation. This effect is probably due to a 
combination of (he increased wing effect plus the effect of the wing leading 
cdgc shock. As with station 2, the vortices have lifted off the model surface on 
thc leeward sidc so the prcssures on the leeside remain constant. Through the 
test Mach numbcr rangc for all the stations, the pressure tends to remain 
about the sanic as thc M = 1.70 casc on the windward side and tends to increase 
with increasing Mach numbcr on the leeward side. Figures 21d-f show the 
three separatc stations at M = 2.86 for all a 's. 
W i n K .  - For the bent wing configuration the wing bcgins at Y/S = 0.191. 
Thc wing leading edge is located at Y/S = 0.50, 0.75, and 0.95 for the stations 1, 2, 
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and 3, respectively. These values of Y/S for the wing leading edge are the 
samc for every configuration. The wing pressures for the bent-wing 
configuration vary somewhat from station to station especially on the 
windward side, but each station has basically the same pattern for every Mach 
number. For station 1 (Figs. 21g-h), the pressures on the windward side 
remain positive and fairly constant for each a up to approximately 1 2 O .  The a 
= 12O case is not shown on the plots for the purpose of clarity, but the trend 
was vcrificd bascd on a complete set of data For the higher a's, large pressure 
gradients occur whcrc the prcssures closest to the body are negative due to the 
wing-body intcrfcrence. Towards the leading edge of the wing the pressures 
increase and reach a maximum value at the wing leading edge region. On the 
leeward side for any a > 0, the pressure is negative and decreases even more 
towards the leading edge of the wing. This decrease is due to the vortex lift 
which was discussed previously. 
At stations 2 and 3 (Figs. 2li-1). the windward side pressures behave like 
thc prcssurcs at stations 1 until a = 120. For the higher a's, the pressures close 
to the body continue to decrease due to the wing-body interference until 
approximatcly Y/S = 0.5. For Y/S > 0.5, the body effects become less and the 
prcssurcs increase. Then, because the cross-section at stations 2 and 3 consists 
of a larger spanwise section of the wing, the pressures decrease again as the 
flow begins 10 cxpand around the wing. The pressures on the leeside for 
stations 2 and 3 bchavc in much the samc way as they did at station 1. 
I n v e r t e d  B e n t - W i n g  C o n f i g u r a t i o n  
B o d v .  - The body pressures for the inverted bent-wing configuration 
are definitely influenced by the presence of the wing. The pressure 
coefficients on the windward side at M = 1.70 (Figs. 22a-c) are about 0.3 larger 
in Cp than they are for thc body alone case at the same a. The pressures below 
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the wing remain relatively constant from the windward stagnation line rather 
than decreasing as they did in the body alone case. Because of the wing, the 
flow is not able to expand as i t  goes around the body. The wing is located at 8 = 
450 .  On the Iceside, thc flow is probably in a low pressure separation region at 
about 8 = 600 due to the vortices coming off the leading edge of the wing. The 
previous figures show the low pressure peaks on the leeside where the flow is 
separated. The pressure increases as the flow moves around the body and away 
from the vortcx. The vortex impingement effect is especially prominent for a 
= 120 and 160 at M = 1.70 for station 1 (Fig. 22a). At stations 2 and 3 for all of the 
a Is, no impingement effect is noticed since the pressure remains almost 
constant across the Iceside. Only the M = 1.70 cases are shown because the 
same trends in  pressure, except for the fact that the low pressure peak is not as 
exaggerated as i t  is in thc M = 1.70 case, are also noticed at the higher Mach 
n u m b e r s .  
W i n g .  - The wing pressures on the windward side of the bent-wing 
configuration arc approximately constant at each a ,  but the pressure 
increases with increasing angle-of-attack as would be expected. On the 
leeward side of the wing at each station for M = 1.70 (Figs. 22d-f), the pressure, 
probably due to vortex lift,  decreases moving away from the body and towards 
the leading cdgc of thc wing. At the higher Mach numbers, the vortex lift 
effect to a lcsscr cxtciit is observed at a > go. Also at each station for M > 1.70 
thc pressure cocfficicnts at a = 1 6 O  and 24O are almost the same magnitude 
(Figs. 22g-i). Thus, for thc higher Mach numbers and a > 16O, the angle-of- 
attack appears to have little effect on the pressures for the a range of this test. 
Intermediate Low-Wing Configuration 
Bodv .  - The intermediate low-wing case has the wing located at 8 = 45O, 
just as in the inverted bent-wing case. The magnitude of the body pressures 
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on the windward side are lower for the intermediate low-wing case (Figs. 23a- 
c) than for the inverted bent-wing case, but otherwise the same pressure 
trends are obscrved in both cases. On the leeward side, the flow appears to be 
in a low pressure region from about 8 = 600 to 8 = 750. This region is once 
again probably ;1 result of the leading edge wing vortex as was discussed in the 
invcrtcd bcnt-wing casc. Because the effective turning angle for the 
intermediatc low-wing case is greater than that for the inverted bent-wing 
case, a larger low pressure region is formed for the intermediate low-wing 
case. Again, thc low pressure region is much more prominent at the lower 
Mach numbers and higher angles-of-attack. As the Mach number is 
increased, the pressures remain fairly constant on the leeward side (Figs. 23d- 
f). Again, vortex impingement appears to be occurring on the top of the 
model. The trends of the vortex impingement in the intermediate low-wing 
case are similar to those previously discussed in the inverted bent-wing case. 
W i n q .  - The wing pressures are nearly constant across the wing for 
each station on the windward side (Figs. 23g-i). This constant pressure trend 
holds cven as M and a arc increased. Thus, since the trends are similar for all 
M, only thc hl = 1.70 cascs for each station are shown. Vortex lift effects are 
present on thc lccward sidc for a > 0 at each station. The leeside pressure 
trcnds diffcr from thosc discusscd in  the inverted bent-wing analysis. The 
rcason for thesc diffcrent flow behaviors is not known. But, these different 
pressure trcnds could bc caused by the fact that the effective turning angle 
which thc flow must ncgotiate for the intermediate low-wing is greater than 
that for the inverted bent-wing. 
Low-Wing Conf igu ra t ion  
Since the graphs for the low-wing case are similar to the previously 
discussed intcrmcdiatc low-wing configuration, no data are presented here. 
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Bodv.  - For thc low-wing casc, no windward body pressures arc recorded 
since the physical model wing covered the body until about 8 = 45O. The low- 
wing body prcssure on the leeward side behaves in approximately the same 
manner and has approximately the same magnitude as the lceside pressure in 
the intermediate low-wing case. The low pressure region is present for the 
low Mach numbcrs and high angles-of-attack as before, and this region once 
again diminishes as M increases. 
W i n g .  - For thc low-wing casc, the wing pressures on both the 
windward and leeward side have about the same prcssure trends and 
magnitudes as thc intcrmcdiate low-wing case. 
Mid-Wing Configuration 
Bodv.  - For the mid-wing configuration, only the unrolled (p = 00) case is 
discussed in this analysis although data exist for the p = f300, 6 0 0 ,  900 cases 
also. At station 1, the body prcssure seems to remain almost constant at M = 1.70 
(Fig. 24a) and increase at M = 2.86 (Fig. 24b) from the windward stagnation line 
until about 0 = 30". Up to this 0, this pressure trend is somewhat similar, 
especially for the M = 2.86 case, to the body alone pressure where the flow is 
expanding around the body and separating. A shock off the leading edge of 
the wing probably interferes with the body pressures and causes the pressure 
to incrcasc until 0 = 60° approximately. Because of this shock effect, the 
pressure docs not continue to decrease as it did in the body alone. Instead, the 
pressure increascs with increasing 0. The shock effect is more pronounced as 
M increases. At approxiniately 0 = 60°, the pressure stops increasing and 
begins dccrcasirig as the flow continues to expand around the body until the 
wing is encountcrcd at 0 = 90°. On the leeward side of the body the pressures 
are ncgativc since thc flow is separated and is possibly in the low pressure 
region due to vortcx l i f t  prcviously discussed. The pressures increase slightly 
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3s 0 increases. For M 
= 1.70 this cllcct is most promincnt at a = 1 6 O  and for the higher Mach 
numbers this effect is most prominent at a = 12O as noticed in the body alone 
case.  
For u > go, the impingcnicnt effect appears to be prcsent. 
At stations 2 and 3 (Figs. 24c-f), the body pressures on the windward side 
remain fairly constant with the windward stagnation line pressure. The wing 
effects at these stations arc increased and are possibly dominating the flow. 
Thus, the flow docs not begin to expand at the windward stagnation line as it 
did in thc station 1 case. On the leeward side for a > 4 O  at M = 1.70 (Figs. 24c and 
24c), the pressures from 6 = 900 to 1350 decrease as the flow continues to 
expand around the body. At 6 = 135O.  the pressures begin increasing due to the 
vortex possibly impinging on the body. At both stations 2 and 3 for M = 2.86 
(Figs. 24d and 240  and a > 4 O  from 0 = 90° to 1500, the pressure remains fairly 
constant. At approximately 6 = 150°, the pressure increases slightly, possibly 
due to vortex impingement effects. These leeside trends are similar to the 
effects observcd in the intcrrnediate low- and the low-wing. For both stations 
2 and 3, as the Mach number increases, the low pressure gradient on the 
leeside and the vortex impingement effect decreases. 
Wing.  - The wing pressures on the windward side €or a < 80 are constant 
along the wing for station 1 at all of the Mach numbers (Figs. 24g-h). Since 
thc body interference cffects are greater at station 1, the pressures nearest 
the body are lcss than lhosc which are closest to the wing leading edge for a > 
8 0 .  The wing prcssurcs u t  points nearest to the body are approximately equal 
to the body pressures at 0 = 7 5 O  which is just before the Q value where the 
wing is located. These similar pressures are probably due to the fact that the 
pressure on the wing is being dominated by the body flowfield. The pressure 
increases until Y/S E 0.4 and then begins to decrease again. The pressure 
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incrcascs ;IS thc flow movcs away from rhc body. The sccond dccreasc towards 
thc lcadiiig cdge of the wing results from the flow starting to cxpand around 
the wing. On the leeward side for a > Oo, vortex Iift effects similar to those 
discussed in previous configurations arc observed. At higher Mach numbers 
(M > 1.70), the vortex lift cffcct is most prominent at about a = 80. 
At stations 2 and 3 (Figs. 24i-I), the body interference effects are less. 
As a result, the pressures on the windward side remain constant along the 
wing rather than varying as they did at station 1. The leeward side flow is 
similar to that at station 1, but the wing vortex has probably lifted further off 
the wing causing the effect of decreased pressure due to vortex lif t  to be less 
than that observed at station 1. 
Intermediate H i g h - W i n g  Configuration 
B o d v .  - The intermediate high-wing configuration shows several 
interesting wing-body intcrference effects on tile pressures around the body 
at station 1 (Fig. 25a). For M = 1.70 and a > 4O the pressure decreases from the 
windward stagnation linc until about 0 = 4 5 O .  This decreasing pressure is a 
result of the flow expanding around the body just as it did in the body alone 
case. For the other Mach numbers ai station 1, the pressure decreases until 
about 8 = 600 (Fig. 2%). At 0 = 450 for M = 1.70 or at 8 = 600 for the higher Mach 
numbcrs thc shock cffect occurs as discussed in the mid-wing configuration. 
Thus, because of this shock cffect the pressure increases until about €3 = 90° for 
all the Mach numbers. Thcn the prcssurcs begin to decrease again as the flow 
expands around the body. A minimum pressure occurs around 8 = 105O.  A 
sharp increase in the pressure is observed at 8 = 120° which is located 
underneath the wing. This high body pressure is about the same value as the 
wing prcssure closest to the body on the windward side and is probably the 
result of a high prcssure separation region under the wing. On the leeward 
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side for a < go, the pressures remain For 
a > 8 O ,  the vortex probably impinges on the surface causing an increase in 
prcssure near the top of the model. 
constant across the top of the model. 
For station 2 on the windward side, the shock effect, as discussed for 
station 1 ,  is not present (Fig. 25c). As the Mach number increases, the shock 
effect becomes apparent (Fig. 25d). Also, because of the increased wing effect 
the pressure does not decrease as much as it did at station 1 as the flow expands 
around the body. Thus, the minimum pressure is not significantly lower than 
the other windward pressures as i t  was at station 1. The high pressure 
separation region becomes more prominent as M increases. For station 3 (Figs. 
25c-f) on the windward side, the wing is dominating the flow, so the pressure 
remains essentially constant until about 8 = 750 for each Mach number. The 
flow begins to expand past 8 = 7 5 O ,  and at approximately 8 = 95O a minimum 
prcssure is reached. The pressure then increases in the possible high 
pressure region under the wing as discussed previously. For station 2 at 
M=1.70 (Fig. 25c), the pressures on the leeside increase at the top of the model 
for a = 200 and 2 4 O  approximately, while the pressures remain almost constant 
for the lower angles-of-attack. As the Mach number increases, the pressures 
for all of the Q ' S  remain essentially constant on the leeside for both stations 2 
and 3. Also on thc lccsidc for station 3 and a 2 ZOO, the flow appears to be 
asymmetric for M = 1.70 (Fig. 2%). Yet, as the Mach number increases to 2.86, 
this flow appears to bc symmetric. 
W i n g .  - The pressures along the wing for the intermediate high-wing 
configuration arc almost constant on the windward side for a < 80 (Figs. 25g-i). 
As the angle-of-attack and the extent of crossflow increases the flow may 
behave similar to the f low over a forward facing step (Ref. 19). The pressures 
are high towards the lcading edge of the wing and low close to the body, which 
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is similar to prcssurc lcvcl trcnds ovcr thc edgc and basc, rcspcctively, of the 
facc of a forward facing stcp. The flow ncar thc body is possibly in a separatcd 
rcgion which could explain tlic lowcr prcssurc. On thc lccsidc of hc wing, thc 
vortcx l i f t  cffcct is present once again for a > 00. The effect is cspecially 
pronounced at a = 80 for all Mach numbcrs, but decreases for the higher a's at 
thc higher Mach numbcrs. Since the trcnds arc basically similar for all the 
Mach numbcrs, only M = 1.70 is shown. 
High Wing  Con f i gu r a t i o n  
Sincc the trends for the high-wing case are similar to those of the 
intermediatc high-wing case (Figs. 25a-i) ,  no pressure plots are shown for the 
high-wing casc. 
B o d Y , - The windward prcssurcs around thc high-wing configuration 
behave in much the same way as tlic intermediate high-wing configuration 
previously discussed. For thc two configurations, the pressure trends are 
similar and ovcrall thc prcssure magnitudes are almost equal Since the high 
wing was mountcd at the top of the body, no leeside body pressures are 
ava i lab le .  
W i n g .  - The wing pressures on both the windward and leeward sides of 
the high-wing casc also have the same trends as those observed in the 
intcrmcdiatc liigli-wili~. Both thc windward and lccward wing prcssurcs for 
the high-wing casc liavc about the sanic magnitude (within 0.03 Cp) as their 
in t c rm cti i ate h i gh - wing c o untcrp art s .  
3. Selected Vapor Screens 
The vapor screcn photographs serve as a valuable tool in the analysis of 
thc cxpcrimcntal prcssurc data, especially on the leeside of the model. The 
vapor scrccn photographs show lccsidc vortices, shocks, plus some other flow 
phcnomcna. Thcsc photographs arc uscful in hclping to explain some of the 
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trcnds wen i n  thc cxpcrinicntal prcssurc graphs. Because o f  the quality of 
some of the vapor scrccn photographs and thc shecr quantity, only selected 
photographs will be presented in this section. The photos were taken at a = 120 
and 200. In thc cxpcrimcntal pressure discussion, the M = 1.70 and M = 2.86 
cases were discussed. Thcrefore, only these two Mach numbers will be 
highlighted in the following sections. The white arrows on the vapor screen 
photographs indicate regions of  intcrest. 
Body Alone Configuration 
Vapor screens were taken at stations 1 and 3 for the body alone, and at 
stations 1, 2, and 3 for all of the other configurations. The quality of the 
photograph for the M = 1.70 and a = 1 2 O  for station 1 is too poor to discern any 
flowfield information. For the body alone at M = 1.70 and a = 120, two 
symmctrical vorticcs, which have lifted from the body are observed at station 
3. For M = 2.86 and a = 20°, symmetrical vorticcs which are close to the top of 
the modcl can be seen at station I .  At station 3, these vortices have become 
elongated and have lifted from the body. These vortices also have shocks 
cnianating from thcm. All of thc vapor screens are consistent with the 
experimental data and validate the pressure trcnds. Because of the overall 
poor quality of thc photographs none of the body alone vapor screens are 
s h o w n .  
B e n t - W i n g  C o n f i g u r a t i o n  
From tlic bcnt-wing vapor scrccn photographs, classical vortices, as 
discusscd i n  thc background flow field information, can be seen emanating 
from thc lcading cdgc of the wing. For M = 1.70 and Q = 1 2 O ,  these vortices lie 
closc to the wing surfacc and remain similar in  shape at each station. Figure 
26a shows the vorticcs at station 3 where M = 1.70 and a = 12O. From this figure, 
a possible vortex is seen under the wing which, as seen from the experimental 
4 1  
data, could be causing thc pressure increase that begins at 0 = 60° in Figure 
21f. Also observed in Figure 26a are a pair of faint dark vertical projections, 
which may bc associated with a pair of shock waves that are formed as the 
Iceward flow rcaligns wi th  thc vertical planc of symmetry. For the same flow 
conditions, these projections were not observed at the first two stations. As the 
angle-of-attack is increased to 20°, the vortices have lifted further from the 
wing surface, but othcrwisc have the same structure as those found at a = 12O. 
The vertical projections arc prcsent at all three stations in the M = 1.70 and a = 
200 case. The wing vortices for M = 2.86 and a = 120 look almost identical in size 
and shape to those found at M = 1.70 and a = 120. At M = 2.86 and a = 200 (Fig.  
26b), thc wing vortices have elongated and have shocks emanating from them 
at station 2. Thesc shocks were also observed at the other two stations. The 
vortices at thcsc conditions secni to be further from the surface than the ones 
at M = 2.86 and a = 12O. No vcrtical projections arc observed in any of the M = 
2.86 cascs. 
The photographs help verify thc vortex lif t  theory on the leeside of the 
wing. The photographs also show that the vortices themselves may not 
actually be impinging on the top surface of the model. The flow is probably 
forccd around the vortices in such a manner that the pressure will show an 
incrcilsc u t  0 = 1SO" as can bc sccn in thc cxpcrimcntal data. 
Inverted B e n t - W i n g  Conf igurat ion  
Thc invcrtcd bent-wing configuration has some interesting flowfield 
phenomena. I f  any wing vorticcs or scparation bubbles are located on leeside 
of thc wing, they arc not readily observcd from the vapor screens at M = 1.70 
and a = 12O. A very faint wing vortex can be seen at M = 1.70 and a = 200 (Fig.  
273). Two obvious symmetric body vortices are present, though, for both 
anglcs-of-attack. These body vortices lie close to the body at a = 12O and lift 
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from the body for a = 20°. The vortices also lift from the body at the more aft 
stations for both angles-of-attack. On top of the model, two finger-like vertical 
projcctions are prcscnt (Fig. 27a). Thesc may be similar to the ones observed 
in Figure 26a. At M = 1.70 and for both a = 120 and a = 200, these projections 
bccome more developed from station 1 to station 3. The origin of the 
projcctions is not known prcscntly; although, as discussed prcviously, they 
may be from shocks which possibly develop from the symmetrical behavior of 
the flow. At M = 2.86, the separation bubble on the wing is hard to discern, but 
apparently it still exists and may even have a shock emanating from it. Again, 
the body vorticcs lic closer to the body at the lower angle-of-attack (a = 1 2 O )  
and at station 1 .  As the angle-of-attack increases and/or a more aft body 
station is rcachcd, thc vortices lift from the body. At a = 20°9 the vortices 
appear to havc shocks emanating from them. Furthermore, the projections 
which wcrc prcscnt at  M = 1.70, no longer exist (Fig. 27b) at either angle-of- 
attack. Although the projcctions are absent at M = 2.86, the pressure 
distribution trcnds across the top of thc modcl do not change significantly 
from the M = 1.70 trends. Thus, the effect, if any, of the finger-like projections 
on thc lecside pressure is not obvious. 
I n t e r m e d i a t e  L o w - W i n g  
At M = 1.70 and a = 12O. thc intermediate low-wing configuration has 
very dcfinitc classical w i n s  vorticcs as opposed to the case of the inverted 
bcnt-wing configuration. Also, body vorticcs cxist which arc similar to the 
oncs on thc invcrtcd bcnt-wing. Both thc wing and body vortices lie on the 
modcl surface at station 1 and gradually lif t  at the further aft stations. Possible 
faint traces of thc finger-likc projections found in the inverted bent-wing 
case can be secn at  station 1 for the intermediate low-wing case. Again, these 
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projcctions grow strongcr at thc more aft locations as shown in Figures 28a-c. 
N o  vapor scrccn photographs wcrc availablc at M = 1.70 arid a = 20O. 
At the highcr Mach number (M = 2-86), the wing vortices appear to have 
shocks coming from them at all three stations. The body vortices no longer 
cvidance a feeding shcet for either thc a = 120 case (Fig. 28d) or the a = 200 
casc. The feeding sheet, which probably emanates from the windward side of 
the wing, is evidenced by thc curved line and is connected tangentially to the 
corc vortex. At a = 20°, thc body vorliccs become elongated and also appear to 
have shocks on them. No finger-like projections are noticed for the M = 2.86 
case .  
Low - W i n g C o n  f i g u ra t  i o n  
The low-wing configuration has vapor screens which appear to be 
almost identical to those of the intermediatc low-wing The vortices even have 
essentially thc samc s i x  and shape in both cases. Thus, no figures are shown 
for the low-wing case. 
M i d - W i n g  C o n f i g u r a t i o n  
At M = 1.70 and a = 120 for stations 1 and 2, the mid-wing vapor screens 
arc similar to thosc of the intermediate low-wing. At station 3, the classical 
wing vorticcs arc obscrved. Probably since the flow has less body surface to 
go around on the leeward side as cornpared to the intermcdiate low-wing and 
thc low-wing configuration, no body vortices have formed. Instead, only the 
fingcr-likc projections arc prcscnt on the top surface of the model (Fig. 29a). 
Thc vorticcs arc somcwhat larger, but otherwise follow the same pattern as the 
M =1.70 and o! = 1 2 O  from station to station for M = 1.70 and a = 200 
At M = 2.86, as with the othcr low-mounted fin cases no finger-like 
projections arc noticcd. The body vortices at station 3 (Fig. 29b) for both 
angles-of-attack are vcry small compared to those of thc intermediate low- 
_?- 
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wing. At stations 1 and 2, thc size of thc mid-wing vortices seem comparable to 
those of the intcrmcdiatc low-wing. The body vortices for the mid-wing case 
have feeding sheets as opposed to the low- and intermediate low-wing cases. 
Thc M = 2.86 low-wing case shows shocks emanating from the vortices in a 
similar manner as those obscrved in the other low-mounted fin cases. 
Intermediate Hi g h W i 11 g Con fi gu r ;1 t ion 
Thc intcrmcdiatc high-wing photographs show classical vortices on the 
wings. For M = 1.70 and a = 12O (Figs. 30a-c), the vortices are fairly small and 
probably remain far enough from the body so that the leeside body pressures 
are unaffected as confirmed in Figures 22a, 22c, 22e. At stations 2 and 3, 
secondary vorticcs can be sccn. Also at station 3, a dark region appears on the 
windward sidc undcr the wing and closc to the body. This region probably 
indicates thc high prcssurc separation region discusscd in the experimental 
trends. The quality of the photographs for the M = 1.70 and a = 20° cases were 
too poor to makc any analysis. Howevcr, bascd on the trends observed in the 
previous cases, thc vorticcs in these cases are probably larger than the a = 12O 
case so that thcy iritcrfcrc with the body pressures. 
For M = 2.86 and a = 12O, the vortices appear somewhat larger but, 
othcrwise, are almost identical to the M = 1.70 case. The vortices for the M = 
2.86 and a = 3_Oo cases appear larger, more elongated, and more diffuse (Fig. 
30d) than thc M = 2.86 and a = 1 2 O  vortices. Also, the vortices at a = 200 have 
shocks cmanating from thcni which sccm wcakcr than thosc obscrved in the 
p rc v io u s con f i g u r a t i on s at t hc sa ni c an g 1 c - o f - a t t ac k . 
High - Wing Con f i gu r a t ion 
The M = 1.70 and cx = 12O cases for the high-wing are similar to those of 
the intermcdiatc high-wing. At a = 20°, the wing vortices are larger than 
thosc obscrvcd for a = 120 and lift off the surface more for the aft stations 
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(Figs. 31a-c). These figures are shown since the photographs for the 
intcrmcdiate high-wing at a = 20° did not develop. 
A11 of thc M = 2.86 and a = 12O vapor screens for the high wing look 
almost idcntical to thosc of thc intermediate high-wing. At M = 2.86 and a = 
20°, thc vorticcs have shocks coming off them as expected. But, at these 
conditions, thc vorticcs sccni to have a horizontal shock between them (Fig. 
31d) that was not noticed in the intermediate high-wing case. 
4. Comparisons Between Theoretical Computations and 
Experimental Data 
Another major motivation for this investigation was to compare the 
theoretical calculations w i t h  the experimental data for the off- axis fin 
configurations (i-c., thc high-, low-, intermediate high-, and intermediate low- 
wing configurations). Although the SWINT codc was run for all of the on-axis 
cascs, none of the on-axis fin calculations are discussed because of already 
existing reports on similar cases (Refs. 2, 3, and 12). For the same 
configurations, ZEUS has bccn found to givc results similar to SWINT. Thus, 
only the off-axis cascs arc discusscd in this scction because SWINT is unable to 
calculate the flowfields for thcsc cases. The comparisons are presented in the 
same way as thc cspcrimcntal data in the previous section with Cp vs. 8 graphs 
for body prcssurcs and Cp v s .  Y/S graphs for wing pressures. The ZEUS code 
\\'ils run  lor nominal anglcs-of-attack of O o ,  8 0 ,  16O. and 20°. In most cases, 
howcvcr, lor tIic lowcr Mach nunibcrs (M = 1.70 and 2.16) especially, the ZEUS 
codc was unable 10 obtain LI complctc solution for the body for a = 16O and 20°, 
probably because subsonic flow was encountered. For every configuration for 
both windward and Iceward wing and body prcssurcs, ZEUS calculated Cp =I 0 at 
a = 00 for ail stations, which is accurate in all cases when compared to the 
experimental data. Thus, thc a = 00 case will not be discussed for any of the 
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configurations. Thc anglc-of-attack for some of the experimental cascs varied 
up to 0.70 from thc nominal anglcs listed prcviously. For a fcw cases, ZEUS was 
run at the cxact experimental angle-of-attack and the data were almost 
identical to the other ZEUS computations for the nominal angles-of-attack. 
Thus, to limit thc number of ZEUS cases to run, the nominal values for the a's 
were used in thc ZEUS calculations without any loss of generality in the 
comparison with thc cxpcrimental data. 
I n t e r in e d i a t e Low - Wing Con f i g u r a t i  o n 
Bodv.  - For M = 1.70 and a = 8O at station 1 (Fig. 32a), the ZEUS pressure 
coefficients on the windward side decrease by about 0.03 until approximately Q 
= 300 and then incrcasc by about the same amount until just ahead of the wing 
(e = 450). On the othcr hand, the experimental pressures remain fairly 
constant on thc windward sidc. Although the same pressure trends are not 
observcd, thc cxpcrirnental and the ZEUS pressures on the leeward side are 
always within a Cp of about 0.02 of each othcr. At first glance, a coefficient of 
pressure rangc of 0.02 may appear to bc in good agreement. However, this 0.02 
difference betwcen the cxpcrimental and theoretical pressure coefficients 
could result in pcrccnt diffcrcnccs from about 20% to 100%. For stations 2 and 
3 (Figures 32b aiid 32c, rcspectivcly), the ZEUS pressures on the windward side 
arc within a Cp 01' about 0.01 of the experimental values. For station 2 (Fig. 
32b) on the leeward sidc, the ZEUS prcssures increase until about 8 = 1050 and 
then rcmaiii constant as 0 incrcascs. Except for the 0 location above the wing 
(at about 0 5 60°). thc cxpcrimcntal and thc ZEUS pressures are again within 
about 0.02 Cp of cach otlicr. Above the wing, ZEUS predicts a lower pressure 
than the experinicntal data. Also, ZEUS does not predict the slight increase in 
pressure at the top of thc rnodcl due to vortcx impingement. Station 3 (Fig. 32c) 
exhibits similar trends as those just discussed for station 2. 
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Additional a = 1 6 O  and 20° cases were obtained for M = 2.86 using the 
ZEUS codc. A! M = 2.86,  ZEIJS was accurate in predicting the windward sidc 
prcssurcs at all tlircc sfntions to within at least a Cp o f  0.02 of tlic cxperimcntal 
values. On the leeward side for station 1 (Fig. 32d), ZEUS accurately predicts 
the pressures for a = 80 up to approximately 8 = 900. Between 8=900 and 1500, 
the ZEUS pressurc cocfficicnts are about 0.04 too high when compared to the 
experimental data. The cxpcrimcntal data trends for a = 1 6 O  and 200 are almost 
identical to each other. The ZEUS pressures are accurate for these angles-of- 
attack from about 0 = 60° to 0 = 900. As the experimental data remain 
csscntially constant, the theoretical pressures decrease and then inaccurately 
begin to increasc towards thc top of the model at about 6 = 150O.  The reason for 
this theoretical trend is not known. For stations 2 and 3 (Figs. 32e and 32f, 
rcspectivcly), the computcd prcssures are within at least 0.05 Cp of the 
cxpcrimental prcssurcs. The code does not always follow the trends of the 
ex pe rim en t a 1 d a l a ,  tho ugh . 
W i n g .  - On the windward side, the prcdicted ZEUS wing pressures are 
accurate to within at least 0.02 - 0.03 Cp of the experimental data. The ZEUS 
pressures also follow the same constant prcssure trends shown by the 
expcrinicntal data, except toward thc leading edge of the wing ZEUS predicts a 
sharp incrcasc i n  prcssurc. This incrcased prcssure is not noticed for every 
case, and is discussed in greater detail in the wing section for the intermediate 
high-wing configuration. On thc leeward sidc, ZEUS is unable to predict the 
vortex lift cffcct accurately at any station. Figure 32g shows station 3 at M = 
1.70. As the Mach number incrcases, the vortex lift effect diminishes (Fig. 
32h), but ZEUS is still unable to predict thc pressure trcnds shown by the 
cxperimcntal data. 
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L o w  - W i n g  Coil f i gu r a t i  o n 
B o d v .  - Thc lccward pressures for the low-wing follow the same trends 
as the intermcdiatc low-wing according to the experimental data. Similarly, 
the ZEUS pressurcs for these configurations follow the same trends. Thus, 
approximately the samc discrepancies noted in the intermediate low-wing 
pressure comparison can bc seen in the low-wing comparison. For this 
reason, no further discussion is given on the low-wing plots. However, even 
at M = 2.86, thc ZEUS code was only able to obtain calculations up to the a = 160 
case for the low-wing configuration. 
Wing .  - The wing pressures exhibit similar trends as those discussed for 
thc intermediate low-wing configuration. Thus, no plots are shown for the 
low-wing configuration. 
Intermediate High Wing Configuration 
Bodv .  - For thc intermediate high-wing case, the ZEUS code was able to 
obtain calculations only for thc a = Oo and 8O cases for M = 1.70, 2.16, and 2.40. 
At M = 2.86, ZEUS was ablc to run at a = 160 also. At M = 1.70 and a = 80 for 
station 1, the ZEUS pressures are fairly constant on the windward side (Fig. 
33a). ZEUS docs not predict thc decrease in pressure near 8 = 120° or the 
increase in prcssurc in thc region under the wing. For station 2, both the 
experimental and thc ZEUS prcssurcs arc fairly constant on the windward side 
and arc of almost thc samc magnitude (Fig. 33b). At station 3, the ZEUS 
prcssurcs agaiii arc fairly constant around the windward side and are of the 
sanic approximatc magnitudc as thc cxpcrimental pressures (Fig. 33c). The 
experimental data show prcssurc variations which ZEUS does not predict. For 
the lccward side flow at station 1 ,  the predicted ZEUS pressure shows a sharp 
increase at about 0 = 150° which is not shown in the experimental data. The 
leeside pressurcs at station 2 and 3 are accurately predicted by ZEUS. For the 
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body alone case. the ZEUS code accurately predicts the pressure on the 
windward side, but the code is inaccurate for the leeside. Yet, for the high- 
mounted fin configurations, ZEUS seems to be accurate for the leeside and 
inaccurate for the windside prcssures. Apparently, the presence of the fin 
causes interferencc effects which the ZEUS code is unable to predict. 
For station 1 at M = 2.86 (Fig. 33d), the ZEUS code does not accurately 
predict cithcr the shock effect or  thc high pressure region found on the 
windward side in the experimental data. For the two higher a's, the ZEUS 
pressures seem to decreasc as they would for body alone until about 8 = 900. 
Then the ZEUS pressures begin increasing until just before the wing location. 
For station 2 and 3 at a = 8O (Figs. 33e-f), the ZEUS windward pressures match 
thc cxperimental windward pressures to within approximately 0.02 Cp. For 
station 2 at a = 16O on thc windward sidc (Fig. 33e), the ZEUS pressures decrease 
to a minimum at about 6 = 60° and then increase; whereas, the experimental 
pressure is fairly constant unt i l  showing a slight increase in the high 
prcssurc region just under the wing. For station 3 (Fig. 3 3 0  at a = 16O on the 
windward side, thc ZEUS pressure coefficient increases steadily (about 0.08 in 
C p )  from thc windward stagnation line until just before the wing. The  
experimental prcssure trend, on the other hand, remains relatively constant 
until  about 8 = 7 P .  Thcn tlic prcssurc dccreascs until about 0 = 90° and then 
increases again duc to the  high pressure region under the wing. Thus, the 
experimental and thcoretical prcssures have different pressure trends since 
the code is unable to prcdict the high pressure region which is due to viscous 
separation. The leeward side ZEUS pressures are accurate at every station and 
every a for M = 2.86. 
W i n n .  - For each station and cvery a ,  the agreement between the 
experimental data and the computational estimates improves with increasing 
Mach number. This trcnd is shown for station 3 at M = 1.70 and M = 2.86 (Figs. 
33g-h). On tlic windward si&, thc cxpcrinicrital prcssurcs rcniain fairly 
constant. the ZEUS pressures at each station and Mach number follow this 
trcnd and remain within 0.02 Cp of the experimental values. However, in 
certain cases, when the leading cdge of the wing falls slightly inside a 
computational cell, the ZEUS code on the windward side predicts a significant 
pressure increasc of about 0.1 - 0.3 CP (Fig. 33h) for this cell. Since the 
orifices did not quite go out to the lcading edge, no expcrimental pressures are 
given in this rcgion. But since thc flow is expanding around the wing to the 
leeward side, the prcssurcs should show a decrease rather than an increase. 
The tendency of ZEUS to prcdict this increase around the leading edge region 
has been noticcd in othcr rcports (Rcf. 2). The reason for this predicted 
pressure increase is  not known, but is apparently a problem inherent within 
the code. 
H i g h -  W i n g  C o n f i g u r a t i o n  
As discusscd previously, thc cxperimental pressure trends for the 
intcrmediatc high-wing and thc high-wing cases arc similar. In the same 
way, ZEUS prcssurc trends arc similar for the intermediate high-wing and the 
high-wing. Again, for M = 1.70 for the high-wing casc, ZEUS calculations 
could only bc obtaincd for a = 0" and go.  Iiowcvcr, at M = 2.86, ZEUS was able to 
obiain runs for a = O o ,  s o ,  160, and 20°. Sincc the trends are similar between 
thc inicrnicdiatc high- arid thc high-wing configurations and since these 
trcnds liavc ulready bccn discusscd, thc graphs of the experimental and 
theoretical comparisons for the high-wing are not presented. 
m, - Again, the ZEUS trends for the wing prcssures on the high-wing 
configuration are similar to those of the intermediate high-wing. Thus, no 
graphs arc shown. 
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CHAPTER V 
CONCLUDING REMARKS 
An experimental and theoretical pressure and flow visualization 
investigation was conducted on a cylindrical missile model with a tangent 
ogive nose. The model was tested using fins located at various vertical 
locations. Thc experimental investigation consisted of wind tunnel pressure 
tests and flow visualization tests in the form of vapor screen photographs. The 
theoretical investigation was made using Euler codes developed for tactical 
missile configurations at supersonic speeds. The tests were conducted for a 
range of Mach numbers from 1.70 to 2.86 and a range of angles-of-attack from 
-40 to 240. The results from these tests are summarized as follows: 
( 1 )  For every configuration, a general trend of increasing pressure 
with increasing angle-of-attack existed on the windward side and of 
decreasing pressure with increasing angle-of-attack on the leeward side. 
( 2 )  Wing-body intcrfcrence e f fec ts  were obvious  for  a l l  
configurations with wings. Thcsc interference effects seemed to be greater at 
the more aft stations on thc body, possibly because the local cross-section of 
the spanwise section of the wing increases with increasing longitudinal 
values.  
( 3 )  For configurations with fins mounted at or below the centerline, 
the windward pressures a t  some longitudinal stations on the fuselage were 
apparently affected by the wing leading edge shock. 
( 4 )  Also on the windward side, for configurations with fins mounted 
above the centerlinc, a high pressure separation region existed on the body 
under the wing. 
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( 5 )  Most of the configurations, to varying degrees, exhibited effects 
of vortex l i f t  on the wing and body. This effect was characterizcd by a 
tfecrcasc in thc prcssurc duc to wing vortices. 
( 6 )  An increase in pressure was noted in certain cases where the 
body vortex appeared to be impinging on the top surface of the model. The 
vortex impingement cffect seemed to be diminished at the more aft stations on 
the body. 
( 7 )  The vapor screen photographs provided additional support for 
conclusions about the origin of many of the leeside effects, such as the vortex 
lift and the vortex impingement effects. In some cases, even the evidence of 
the high pressure region under the wing could be seen. For some 
configurations, symmetrical finger-like projections were present on the top 
surface of the model. The origin of these projections is unknown, but they 
may bc associated with a pair of shock waves that are formed as the leeward 
flow realigns with thc vcrtical plane of symmetry. 
( 8 )  The ZEUS code seems to bc able to predict the pressures for the 
off-axis cases to within 0.03 Cp of the experimental data for the lower angles- 
of-attack (a 5 80) and the higher Mach numbers (M = 2.40 and 2.86). Yet, the 
code docs not follow thc same pressurc trends as the experimental data. 
Because subsonic flow is cncountcrcd, the code cannot calculate the flowfield 
for the lower Mach  numbers (M = 1.70 and 2.16) and the higher angles-of- 
attack (a 1 80). Apparcntly because of the highly viscous nature of the 
flowfield of thc off-axis [in configurations, the ZEUS code is unable to handle 
the wing-body intcrfcrcncc cffccts on cither the windward or leeward side. A 
possibility for future study would be to change the grid size and/or to cluster 
the grid cclls to dctcrminc i f  bcttcr theorctical calculations can be obtained. 
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CONFIGURATION ORIFICE POSITION ## 
BW MW IHW HW 
TABLE 11.- Wing Orifice Locations 
(see Figure 7) 
- 
STATION y (inches) 
17 17 17 17 
18 18 18 18 
19 19 19 19 
20 20 20 20 
- - 1  
- - 2  
- 3  
4 4  
5 5  
6 6  6 6 
7 7  7 7 
8 8  8 8 
9 9  9 9 
10 10 10 10 
2.528 
2.889 
3.070 I 3.250 17 18 19 20 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 0.241 
0.482 
0.723 
0.964 
1.205 
1.446 
1.687 
1.929 
2.049 
2.170 
- 12 
- 13 13 
14 14 14 14 
15 15 15 15 
16 16 16 16 
12 
13 
14 
15 
16 
0.722 
1.083 
1.444 
1.806 
2.167 
- - 21 
- 22 22 
23 23 23 23 
24 24 24 24 
25 25 25 25 
26 26 26 26 
27 27 27 27 
28 28 28 28 
29 29 29 29 
21 
22 
23 
24 
25 
26  
27 
28 
29 
3 0.914 1.321 
1.829 
2.28 1 
2.743 
3.200 
3.657 
3.886 
4.114 
SLOPE OF RAYS 
0.023- 
0.046 
0.069 
0.092 
0.1 15 
0.139 
0.162 
0.185 
0.196 
0.208 
0.023 
0.046 
0.069 
0.092 
0.1 15 
0.139 
0.162 
0.185 
0.196 
0.208 
0.046 
0.069 
0.092 
0.115 
0.139 
0.162 
0.185 
0.196 
0.208 
BW - bent-wing configuration 
MW - mid-wing configuration 
IHW - intermediate high-wing configuration 
HW - high-wing configuration 
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Configuration 
1 LW 
IHW 
HW 
LW 
Table IV. - ZEUS Parameters 
Angles-of-Attack at Mach #'s 
1.70 2.1 6 
O f ,  83, 16' 
0 9 8  
0 9 8  
O', 8', 16' 
2.40 
0 
0 
8 ,  16 
8 
0 , 8 , 1 6  
Oc, 8: 16 
2.86 
0 ,  8 ,  1 6 ,  20" 
0 , 8 , 1 6  
O", 8', 16 , 20. 
0 , 8': 16", 20'' 
ILW - intermediate low-wing 
IHW - intermediate high-wing 
HW - high-wing 
LW - low-wing 
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Figure 2.- Continued 
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Figure 1 2.Cylindrical Coordinate System 
(the above figures are from Ref. 14) 
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Figure 14.- Supersonic Riemann Problem 
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figure 15,- Control Volume Nomenclature 
(the above figures are from Ref. 12) 
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(a) One-Zone PiOcedure 
I 
(b) Two-Zone Procedure- 
Figure 16.- ZEUS Zone Descriptions 
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